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SUHVVXUHJUDGLHQWV7KHYHFWRUFRPSRQHQWRIWKHPHOWILOPPRPHQWXPQRUPDOWRWKHVXUIDFHWKHQQHHGVWRH[FHHGWKH
VXUIDFHWHQVLRQIRUFHVWRHQDEOHPHOWHMHFWLRQ
6ZLWFKLQJ WKH ODVHU SXOVHRII DQG LQ WXUQ WKH ERLOLQJ DFWLRQ FDQ UDSLGO\ DOWHU WKHPHFKDQLVPV IURPK\GURVWDWLF
SUHVVXUH VXUIDFH WHQVLRQ IRUFHV VTXHH]HG PHOW RU VKHDU VWUHVV 7KH GXUDWLRQ RI SXOVHORZ FDQ WKHQ JRYHUQ WKH
VROLGLILFDWLRQEHKDYLRXU=KRXHWDO
)RUORQJHUSXOVHGXUDWLRQVRIWKHRUGHURIPLOOLVHFRQGVVLPXODWLRQV=KDQJHWDOKDYHVKRZQDWUDQVLWLRQ
IURP K\GURG\QDPLF H[SXOVLRQ WR H[SORVLYH H[SXOVLRQ RI WKH PHOW ZKLFK LQFUHDVHG WKH DYHUDJH YHORFLW\ RI WKH
H[SHOOHG GURSOHWV 6LPLODUO\ LQ IXOO SHQHWUDWLRQNH\KROH ODVHUZHOGLQJ VSDWWHU HMHFWLRQ DW WKH URRW FDQ WDNH SODFH
$SDUW IURP WKH DERYH PHFKDQLVP WKH GUDJ IRUFH IURP D VWURQJ PHWDO YDSRXU MHW HVFDSLQJ WKH NH\KROH ERWWRP
RSHQLQJFDQDFFHOHUDWHDQGHMHFWWKHPHOW=KDQJHWDO,,
:KLOHXVXDOO\GXULQJNH\KROHZHOGLQJ WKH VXUIDFH WHQVLRQ IRUFHVDUHGLUHFWHGDJDLQVW WKHDEODWLRQSUHVVXUH IRU
YHU\ WKLQVKHHWVDSHFXOLDUSKHQRPHQRQZDVREVHUYHGZKLFKZDVWKHQFDOOHGGRQXW ODVHUZHOGLQJ+DJOXQGHWDO
7KHNH\KROHGHYHORSHGD&DWHQRLGVKDSHVLPLODU WRDWRUXVZKHUHWKHYHUWLFDOSRVLWLYHFXUYDWXUHEDODQFHV
WKHQHJDWLYHKRUL]RQWDO FXUYDWXUHZLWK UHVSHFW WR VXUIDFH WHQVLRQ <RXQJ/DSODFH HTXDWLRQ DW DQ\ ORFDWLRQ)RU D
SXOVHGODVHUEHDPWKHKROHZDVSHULRGLFDOO\PRYHGIXUWKHUE\VOLJKWERLOLQJDFWLRQ
$ZDY\VXUIDFHIORZLQJGRZQZDUGVZDVREVHUYHGDWWKHNH\KROHIURQWGXULQJODVHUZHOGLQJE\XOWUDKLJKVSHHG
LPDJLQJISVRIWKHQRQLOOXPLQDWHGWKHUPDOUDGLDWLRQV(ULNVVRQHWDO7KHZDYHEHKDYLRXUDQGLWV
VWDWLVWLFDOFRQVHTXHQFHVRQWKHODVHUEHDPDEVRUSWLRQZHUHGHHSHUDQDO\]HGE\FDWHJRUL]LQJWKHSDWWHUQVDQGE\WKHLU
HYDOXDWLRQDVDIXQFWLRQRIWLPH0DWWLDQG.DSODQDVZHOODVE\UHFRQVWUXFWLRQRIWKHZDY\IURQWDQGSRVW
PRGHOOLQJRIWKHUHVXOWLQJDEVRUSWLRQEHKDYLRXU0DWWLDQG.DSODQ
%HVLGH REVHUYDWLRQ RI WKHPHOW IORZ E\ KLJK VSHHG LPDJLQJ D KLJKO\ YDOXDEOHPHWKRG IRU GHHSHU DQDO\VLV LV
PDWKHPDWLFDOPRGHOOLQJRIWKHSK\VLFDOPHFKDQLVPVRZLQJWRWKHFRPSOH[LW\SDUWLFXODUO\E\QXPHULFDOVLPXODWLRQ
7KHPHFKDQLVPVDGGUHVVHGFRPSULVHERLOLQJPDVVDQGKHDWWUDQVIHUSKDVHWUDQVLWLRQV0DUDQJRQLWKHUPRFDSLOODU\
IORZDEODWLRQUHFRLOSUHVVXUHVKHDUVWUHVVVXUIDFHWHQVLRQSUHVVXUHIURPWKHFXUYDWXUHJDVG\QDPLFVLQFOXGLQJ
WKH.QXGVHQOD\HUVSDWWHUHMHFWLRQKXPSLQJDEVRUSWLRQEHDPVFDWWHULQJPXOWLSOHUHIOHFWLRQVUHFRQGHQVDWLRQDQG
LQSDUWLFXODUWKHJHRPHWULFDOLQWHUDFWLRQFRQGLWLRQVHJWKHDEVRUSWLRQIURQWDQGLWVWRSRORJ\&RXUWRLVHWDO
/HLW] HW DO 9RVVHQHW DO =KDQJHW DO ,=KRXHW DO =KDQJHW DO 0DWWL DQG
.DSODQ.DSODQHWDO
'XULQJJDVDVVLVWHGODVHUFXWWLQJDQLQVWDELOLW\RIWKHVLGHUHJLRQVRIWKHIURQWNHUIFDXVHVDSHULRGLFDOLQLWLDWLRQRI
WKH UHVXOWLQJ VWULDWLRQ WRSRORJ\+LUDQR DQG )DEEUR  H[SODLQHG WKH FRPELQHG LQVWDELOLW\ WKHUPDO DQG
K\GURG\QDPLFGXHWRVXUIDFHWHQVLRQLQWKHFHQWUDODQGVLGHUHJLRQRIWKHIURQWNHUIE\DSK\VLFDOPRGHO<LOEDVHWDO
REVHUYHGDSXOVDWLQJQDWXUHRIWKHPROWHQPHWDODORQJWKHFXW7KHVWULDWLRQIRUPDWLRQRIWKHUHVXOWLQJFXWIRU
SXOVHG ODVHUV ZDV DVVRFLDWHG ZLWK PHOW ILOP LQVWDELOLWLHV SDUWLFXODUO\ GHWHUPLQHG E\ WKH JHRPHWULFDO UHODWLRQV $
OLQHDUVWDELOLW\DQDO\VLVDGGUHVVLQJWKHIRUPDWLRQRIVWULDWLRQVZDVDOVRFDUULHGRXWE\9RVVHQHWDO
'XULQJODVHUGULOOLQJIRULQFUHDVLQJGHSWKWKHYDULDWLRQRIWKHDEVRUSWLRQFDQPRGXODWHWKHDEODWLRQSUHVVXUHDQG
LQWXUQWKHSLVWRQHIIHFWVXFKWKDWWKHPROWHQPDWHULDOFDQUHWDLQDWWKHZDOORIWKHKROH=RXHWDO7KHUHIRUH
IRUFHV IURP HYDSRUDWLRQ FDQ FKDQJH WKHLU GLUHFWLRQ DQG PDJQLWXGH GUDPDWLFDOO\ GHSHQGLQJ RQ WKH WHPSHUDWXUH
SRVLWLRQDQGVORSHRIWKHLUUDGLDWHGOLTXLGVXUIDFH6FKXO]HWDO$V\VWHPDWLFH[SHULPHQWDOVWXG\WRLGHQWLI\
WKHLQLWLDWLRQRIPHOWVXUIDFHGHIRUPDWLRQIURPWKHUHFRLOSUHVVXUHZDVFDUULHGRXWE\+LUDQRHWDOIRULURQ
)RUFZODVHUFXWWLQJKLJKVSHHGLPDJLQJHQDEOHGWRREVHUYHWKHK\GURG\QDPLFVRIWKHPHOWOD\HURQWKHNHUIIURQWDW
IUDPH UDWHV RI   ISV+LUDQR DQG )DEEUR  )RU ODVHU GULOOLQJ WKH G\QDPLF EHKDYLRXU RI WKHPHOW DQG
YDSRXUZDVREVHUYHGDWISV=KDQJHWDO,DQGDWISV6FKQHLGHUHWDO%HUJHUHWDO
UHFRUGHGWKHJHQHUDWHGFDSLOODU\EHKDYLRURIWKHODVHULQWHUDFWLRQLQZDWHUDQGLFHHQDEOLQJWKHFOHDUREVHUYDWLRQRI
ORFDOFDSLOODU\FROODSVHV
2WKHUREVHUYDWLRQVZHUHPDGHLQFRPELQDWLRQZLWK[UD\WUDQVPLVVLRQLPDJLQJIURPWKHVLGHZKLFKDOVRHQDEOHG
UHFRQVWUXFWLRQRI WKH WKUHHGLPHQVLRQDOPHOW SRRO DQG FDSLOODU\ LQ ODVHUZHOGLQJ%ROH\ HW DO .DSODQ HW DO
SHUIRUPHGDQDO\VLVRIWKHNH\KROHFROODSVHDORQJZLWKEXEEOHIRUPDWLRQIRUSXOVHGODVHUV;UD\UHFRUGHGDW
ISVDQGDFFRPSDQLHGE\DPDWKHPDWLFDOPRGHO7KHW\SLFDOWLPHFRQVWDQWVRIWKHUHVSHFWLYHPHFKDQLVPVZHUH
LGHQWLILHGLQSDUWLFXODUFROODSVLQJZLWKLQPLOOLVHFRQGV
)RU SXOVHG ODVHU EHDPV WKH LQLWLDWLRQ DQG FROODSVH RI WKH NH\KROH LV RI LQWHUHVW =KRX HW DO  SUHVHQWHG
PRGHOOLQJRIWKHHYROXWLRQRIWKHPHOWGXULQJWKHNH\KROHFROODSVHDQGVROLGLILFDWLRQSURFHVV2QFHWKHODVHULVVKXW
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RII SODVPD UDGLDWLRQ UHPDLQV DV KHDW VRXUFH WKRXJKZLWK YHU\ VPDOO KHDW FDSDFLW\ DQG UDSLG WHPSHUDWXUH GHFD\
'XULQJWKHNH\KROHFROODSVHWKHNH\KROHFORVHVILUVWRQWRSDQGOLTXLGPHWDOIURPWKHWRSWKHQIORZVGRZQZDUGVWR
UHILOO WKH NH\KROH =KRX HW DO  7KH SXOVH WHUPLQDWLRQ LQ VSRW ODVHUZHOGLQJ OHDGV WR UHFRQGHQVDWLRQ RI WKH
NH\KROHYDSRXUZKLFK LQ WXUQGULYHV VKLHOGLQJJDV LQWRNH\KROH E\ IORZ LQYHUVLRQ ,Q FDVHRI WKH IRUPDWLRQRI D
EXEEOHWKHVKLHOGLQJJDVWKHQSUHYHQWVDFRPSOHWHFROODSVH.DSODQHWDO%\IDVWODVHUVZLWFKRIIWKHNH\KROH
PRUSKRORJ\ZDV FDSWXUHG=RX HW DO 7KHPRUSKRORJ\ LQGLFDWHG WKDW WKHNH\KROH FDQEHGLYLGHG LQWR WZR
UHJLRQVLWKHODVHUDFWLRQUHJLRQLLWKHUHJLRQPDLQWDLQLQJWKHPHWDOOLFYDSRUSUHVVXUH
2QHVWUDWHJ\WRRYHUFRPHSUREOHPVHQFRXQWHUHGZLWKFZODVHUSURFHVVLQJDUHVKRUWSXOVHVZKLFKFDQIRUH[DPSOH
FDXVHOHVVGLIIXVLRQRIKHDWDQGOHVVWKHUPDOORDG
:KLOH TXDVLVWHDG\ VWDWH FRQGLWLRQV RI D ODVHULQGXFHGERLOLQJ IURQWZHUH VWXGLHG HDUOLHU(ULNVVRQ HW DO
0DWWLDQG.DSODQ0DWWLDQG.DSODQKHUHWKHWUDQVLHQWRQDQGRIISKHQRPHQDIRUDSXOVHG1G<$*
ODVHUEHDPDUHVWXGLHGE\KLJKVSHHGLPDJLQJ6SHFLILFFRQGLWLRQVZHUHFUHDWHGWRHQDEOHFOHDUKLJKVSHHGLPDJLQJ
REVHUYDWLRQ RI VHYHUDO WUDQVLHQW PHOW IORZ SKHQRPHQD WKDW DUH RI JHQHUDO LQWHUHVW &RPSOHPHQWDU\ WR RWKHU
SUHVHQWDWLRQVDQGGLVFXVVLRQVRIWKHVHUHFHQWILQGLQJVKHUHQHZUHVXOWVDQGFDVHVDUHSUHVHQWHG
0HWKRGRORJ\
)RUWKHKHUHSUHVHQWHGVWXG\DVSHFLDOVLWXDWLRQZDVFUHDWHGLQRUGHUWRIXQGDPHQWDOO\REVHUYHDQGDQDO\]HWKH
PHOWG\QDPLFVGULYHQE\ERLOLQJDFWLRQZKHQLQWHUDFWLQJZLWKDSXOVHGODVHUEHDP$SXOVHGKLJKSRZHUODVHUEHDP
WUDYHOVVORZO\IRUZDUGWRDFKLHYHPHOWLQJDQGERLOLQJ7KHVORZVSHHGJHQHUDWHVDODUJHPHOWSRRO
7KHH[SHULPHQWDOVHWXSLVVKRZQLQ)LJ0LOGVWHHO(1PDGHE\66$%SODWHVSHFLPHQVRIPPLQ
WKLFNQHVVZHUHDSSOLHGIRUFXWWLQJJHQHUDWLQJDFXWOHQJWKRIPPLQWRWKHSODWH7KHHIIHFWRIFKDQJHVLQODVHU
SRZHU SXOVH GXUDWLRQ GXW\ F\FOH FXWWLQJ VSHHG DQG GHIRFXVVLQJ GLVWDQFH RQ WKH FXWWLQJ SURFHVV ZDV LQLWLDOO\
LQYHVWLJDWHGWRDFKLHYHWKHGHVLUHGSURFHVVFRQGLWLRQVVXLWDEOHIRUWKLVIXQGDPHQWDOVWXG\


)LJ([SHULPHQWDOVHWXSVKRZLQJWKHZRUNSLHFHWKHSURFHVVLQJKHDGDQGWKHKLJKVSHHGLPDJLQJHTXLSPHQW
7KHFXWWLQJH[SHULPHQWVZHUHSHUIRUPHGZLWKDN:1G<$*ODVHUPRGHO+DDV+/'ZDYHOHQJWK
QP%HDP3DUDPHWHU3URGXFWPPāPUDG7KHFRUHGLDPHWHURIWKHRSWLFDOILEUHZDVP7KHIRFDOOHQJWKRI
WKH FROOLPDWLRQ DQG IRFXVLQJ OHQVHVZHUH PPDQGPP UHVSHFWLYHO\ UHVXOWLQJ LQ DPDJQLILFDWLRQRI 
KHQFHDEHDPVSRWGLDPHWHURIP7KH5D\OHLJKOHQJWKGHSWKRIIRFXVUHVXOWVWRPP$IRFDOSRVLWLRQ
PPDERYHWKHWRSVXUIDFHRIWKHZRUNSLHFHZDVFKRVHQUHVXOWLQJLQDEHDPGLDPHWHURIP7KHKHUHVWXGLHG
FRQGLWLRQVZHUHDFKLHYHG IRU DYHU\ ORZVSHHGRIPPLQ7KH ODVHUZDVRSHUDWHG LQSXOVHGPRGH$VTXDUH
SXOVHZLWKN:SHDNSRZHU3SHDNDQG:SRZHUORZOHYHOZDVDSSOLHG7KHSXOVHGXUDWLRQZDVPVSXOVH
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KLJK DQG  PV SXOVH ORZ FRUUHVSRQGLQJ WR D IUHTXHQF\ RI  +] DQG D GXW\ F\FOH RI   'HVSLWH
SURJUDPPLQJ D VTXDUH SXOVH VKDSH XQFHUWDLQWLHV UHPDLQ LQ WKH UHDO UDPSLQJ XSGRZQ GXUDWLRQ 1RQHWKHOHVV
SDUWLFXODUO\WKHVZLWFKRIIH[SHULPHQWVLQGLFDWHWKURXJKYHU\DEUXSWGURSRIWKHHPLVVLRQOHYHOIURPWKHSURFHVVLQJ
IURQWWKDWDVXIILFLHQWO\VKRUWUDPSLQJGXUDWLRQWRRNSODFH$UJRQZDVXVHGDVWKHSURWHFWLQJJDVVXSSOLHGFRD[LDOO\
WKURXJKDQR]]OH7KHIORZUDWHZDVOLWHUVPLQ
2EVHUYDWLRQRIWKHSURFHVVZDVFDUULHGRXWE\KLJKVSHHGLPDJLQJ+6,7ZRWHFKQLTXHVZHUHDSSOLHG:KHQ
REVHUYLQJ WKH WKUHHGLPHQVLRQDOSURFHVVLQJ IURQWDQG WKHVXUURXQGLQJPDWHULDO DQ LOOXPLQDWLRQ ODVHUZDVDSSOLHG
WKRXJK OLPLWLQJ WKH IUDPH UDWH ,Q RUGHU WR REVHUYH WKH PRVW LPSRUWDQW LQIRUPDWLRQ QDPHO\ WKH ZDYHV VXUIDFH
IHDWXUHVPRYLQJGRZQWKHSURFHVVLQJIURQWUHFRUGLQJZDVGRQHZLWKRXWLOOXPLQDWLRQLHEDVHGRQWKHWKHUPDOIURQW
HPLVVLRQYDULDWLRQVHQDEOLQJYHU\KLJKIUDPHUDWHVDWVKRUWH[SRVXUHWLPHV)RUWKHODWWHUWHFKQLTXHDIUDPHUDWHRI
ISVZDVDSSOLHGDORQJZLWKDQH[SRVXUHWLPHRIVDQGELWG\QDPLFUDQJHJUH\VFDOH7KHUHFRUGHG
ILHOGRIYLHZZDVGHFUHDVHGWR[SL[HOVZLWKPSL[HO7KHDERYHPRQLWRULQJZDVSHUIRUPHGE\XVLQJ
WKHFDPHUD3KRWURQ)$67&$06$HTXLSSHGZLWKDPP0LFUR1LNNRQOHQVWRREVHUYHWKHIURQWIDFHDWDQ
DQJOHRI$EDQGSDVVILOWHURI OHYHO/*ODVHUVDIHW\JODVVHVQRPHQFODWXUHZDVVXLWDEOHIURPH[SHULHQFH WR
EORFNSDUWRIWKHSURFHVVLQJOLJKWIURPWKHFDPHUDEORFNHGVSHFWUXPQPDQGQP
)RU WKH LPDJLQJ WHFKQLTXHZLWKDGGLWLRQDO LOOXPLQDWLRQDGLRGH ODVHU&DYLOX[+)Ȝ QPZDVHPSOR\HG
YLDDQRSWLFDOILEUHVHH)LJ5HFRUGLQJZDVWKHQGRQHDWIUDPHUDWHRIISVDQGVKXWWHUVSHHGRIV,Q
WKLVFDVHWKHFDPHUD3KRWURQ)$67&$00LQL8;ZDVDSSOLHGWRJHWKHUZLWKDPP0LFUR1LNNRQOHQVWR
REVHUYHWKHIURQWIDFHDWDQJOHRI$QDUURZEDQGSDVVILOWHUPDWFKLQJWKHODVHUZDYHOHQJWKZDVDSSOLHGLQIURQW
RI WKH FDPHUD EORFNLQJPRVW RI WKH SURFHVV OLJKW LQFOXGLQJ VFDWWHULQJ E\ WKH RIIVWUHDPLQJPHWDO YDSRXU 7KH
UHFRUGLQJFRUUHVSRQGLQJWRWKLVREVHUYDWLRQDQJOHZDVGRQHLQDG\QDPLFUDQJHRIELW'HSHQGLQJRQWKHDQDO\VLV
DELWVKLIWZDVRSWLRQDOO\DSSOLHGWRHLWKHUVWXG\ORZHURUKLJKHUOHYHOELWUDQJHVDQGJUH\VFDOHV7KHILHOGRIYLHZ
ZDVUHGXFHGWR[SL[HOV$3KRWURQ)$67&$09LHZHUVRIWZDUHDQG)LMLVRIWZDUH,PDJH-ZDVXVHGIRU
SRVW LPDJLQJ WR LPSURYH EULJKWQHVV DQG FRQWUDVW LQFOXGLQJ WKH VRFDOOHG XQVKDUS PDVNLQJ PHWKRG  DOVR VWUHDN
LPDJHHYDOXDWLRQ
6XEVHTXHQW WRFXWWLQJSROLVKLQJDQGHWFKLQJPDFURJUDSKVRIFURVV VHFWLRQVRI WKH UHVXOWLQJFXWZHUHPDGHDW
VHYHUDOVOLFHV WRZDUGVWKHSRLQWZKHUHWKHFXWZDVVWRSSHG7KLVHQDEOHGWR LGHQWLI\DQGUHFRQVWUXFW WKHVROLGLILHG
IURQWZKHQVZLWFKLQJRIILQWKUHHGLPHQVLRQV
5HVXOWVDQG'LVFXVVLRQ
,Q WKH IROORZLQJ UHVXOWVRQ WKHG\QDPLFEHKDYLRXURI WKHPHOWDIWHUVZLWFKLQJD ODVHUSXOVHRQDQGRIIZLOOEH
VKRZQ DQG GLVFXVVHG ,QLWLDOO\ WKH G\QDPLF EHKDYLRXU RI WKH PHOW GXULQJ VZLWFKLQJRQ WKH ODVHU SXOVH ZLOO EH
SUHVHQWHGIROORZHGE\WKHTXDVLVWHDG\VWDWHVLWXDWLRQGXULQJSXOVHKLJKDQGE\VZLWFKLQJRIIWKHODVHUSXOVH
3.1. Switching laser pulse-on - melt bulk-drilling and bridge-breaking 
)LJXUHDVKRZVDVHTXHQFHRIKLJKVSHHGLPDJHVRIWKHPHOWIURQWIRUDVHOHFWHGSXOVHZKHQVZLWFKLQJWKHODVHU
SXOVHKLJKZLWKGLRGHODVHU LOOXPLQDWLRQZKLOH)LJEVKRZVWKHIURQWZLWKRXW LOOXPLQDWLRQ,Q)LJ WKHPDLQ
PHOWEHKDYLRXULVVFKHPDWLFDOO\LOOXVWUDWHGIURPWKHVLGH
6WDUWLQJIURPDEXONRIUHOD[HGPHOWZLWKDVKDSHWKDWZLOOEHH[SODLQHGEHORZWKHODVHUEHDPLQGXFHVERLOLQJ
)LJD7KHDEODWLRQRUUHFRLOSUHVVXUHVWDUWVWRGULOODKROHLQWRWKHPHOW)LJEHYHQWXDOO\GULOOLQJWKHKROH
WKURXJK DQG IRU D SHULRG IURP  PV WR  PV LQ )LJ D DQG IURP  WR  PV LQ )LJ  E HMHFWLQJ D
FRQVLGHUDEOH DPRXQWRI VSDWWHU DW WKHERWWRP DV LOOXVWUDWHG LQ)LJF$V FDQEHZHOO VHHQ IURP WKHXOWUDKLJK
VSHHG LPDJHVEDVHGRQ WKHUPDOHPLVVLRQV)LJEZDYHVPRYHGRZQ WKH IURQW WKDWGULYH WKHPHOWGRZQZDUGV
VLPLODU WR HDUOLHU REVHUYDWLRQV IRU FZODVHUV (ULNVVRQ HW DO 0DWWL DQG .DSODQ  0DWWL DQG .DSODQ
6WLOOWKHODVHUKDVGULOOHGDKROHLQWKHODUJHPHOWERXQGHGE\DQRXWHUZDOOWKDWGHFUHDVHVLQKHLJKWSUREDEO\
E\DVLPLODUVKHDULQJDFWLRQRIODVHUERLOLQJGULYHQZDYHVPRYLQJGRZQ(YHQWXDOO\WKHRXWHUZDOORUEULGJHRIWKH
PHOW EUHDNVXS ZLWKLQ WHQVRIV WRZDUGV WKH VLGHVGHYHORSLQJ DQRSHQ FXW IURQW LQVWHDG)LJG'XULQJ WKH
SHULRGV RI  PV LQ )LJ D DQG SDUWLFXODUO\ IRU  PV ZLWKRXW LOOXPLQDWLRQ LQ )LJ E ZKLFK LV D
VHSDUDWH UHFRUGLQJ WKLV G\QDPLF HYHQW RI RSHQLQJ D PHOW EULGJH FDQ EH YHU\ FOHDUO\ VHHQ IRU WKH ILUVW WLPH
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0HDQZKLOHDVLJQLILFDQWSRUWLRQRIWKHPHOWZDVGULYHQWRWKHERWWRPIRUPLQJDSHQGLQJGURS7KHODVHUFRQWLQXHV
WRLQGXFHERLOLQJDWWKHIURQW$EODWLRQSUHVVXUHGULYHQZDYHVPRYHGRZQWKDWNHHSWKHIURQWDQGWKHGURSLQWKHLU
SRVLWLRQSUREDEO\LQGXFLQJYRUWLFHVIRUFRQWLQXXPRIPDVV7KHDPRXQWRIVSDWWHUEHFRPHVOLWWOHFRUUHVSRQGLQJWR
WKHYHU\ORZSURFHVVLQJVSHHG

)LJ+LJKVSHHGLPDJHVWLPHVWHSVJLYHQLQEODFNFRORUDFFXPXODWHGWLPHVWHSVLQUHGFRORURIWKHPHOWIURQWZKHQVZLWFKLQJRQWKHODVHU
EHDPDZLWKDGGLWLRQDOLOOXPLQDWLRQRIWKHIURQWEZLWKRXWLOOXPLQDWLRQUHSHDWHGH[SHULPHQWWKHVHIUDPHVFRUUHVSRQGWRWKHEOXHER[ILHOG
RIYLHZLQWKHVHFRQGIUDPHDERYH
 
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
)LJ,OOXVWUDWLRQRIWKHPHOWFRQGLWLRQVVLGHYLHZZKHQVZLWFKLQJRQWKHODVHUSXOVHDGULOOLQJLQLWLDWLRQLQWRDODUJHUEXONRIPHOWEKROH
GULOOLQJFGULOOLQJWKURXJKFDXVLQJGURSHMHFWLRQVDQGILQDOO\EUHDNLQJWKHRXWHUIURQWPHOWZDOOGRSHQTXDVLVWHDG\VWDWHERLOLQJIURQW
NHHSLQJDODUJHSHQGLQJGURSLQSRVLWLRQ
3.2. Laser pulse-high - quasi-steady state front with pending drop 
7KH ILQDO FRQGLWLRQV VKRZQ LQ WKH ODVW IUDPH LQ)LJV D DQG E UHVSHFWLYHO\ DQG LQ )LJ G UHPDLQ DV
TXDVLVWHDG\VWDWHXQWLOWKHODVHUSXOVHLVVZLWFKHGRIIDJDLQ7KHSXOVHGXUDWLRQRIPVLVORQJHQRXJKWRPDLQWDLQ
FRQGLWLRQVZLWKIURQWZDYHVPRYLQJGRZQZDUGV WKDWUHVHPEOH WKHREVHUYDWLRQVIRUDFZODVHU LQNH\KROHZHOGLQJ
(ULNVVRQHWDODQGLQUHPRWHIXVLRQFXWWLQJ0DWWLDQG.DSODQ0DWWLDQG.DSODQ2QHGLIIHUHQFH
KHUH LV WKH ORZ SURFHVVLQJ VSHHG 7KH FRUUHVSRQGLQJZHDNPRPHQWXP DORQJZLWK D UDWKHUZHDNO\ IRFXVHG ODVHU
EHDPJHQHUDWHVRQO\IHZVSDWWHUDWWKHERWWRPEXWLQVWHDGFRQWLQXHVWRNHHSWKHPHOWIURQWDQGWKHVXVSHQGHGGURSLQ
SODFH SUREDEO\ DFFRPSDQLHG E\ D IORZ HGG\ 7KLV EHKDYLRXU GHPRQVWUDWHV WKDW ODVHU EHDPV FDQ EH DSSOLHG WR
FRQVWDQWO\ SRVLWLRQ D ERG\ RIPHOW LQ D FRQWUROOHG KDUQHVVHGPDQQHU DOO YLD LQGXFHGERLOLQJ DQG WKH FRQWUROOHG
GRZQZDUGIORZRIWKHZDYHV
7KHGHILFLHQF\RIWKHPHOWWREHHMHFWHGIURPWKHERWWRPFDQEHVKRZQFOHDUO\LQ)LJDZKHQUHFRUGLQJGXULQJ
VZLWKRXW LOOXPLQDWLRQDW ISV7KLVFDQDOVREH LQGLFDWLYHO\ VHHQ LQ)LJE)LJXUHE VKRZVD
VWUHDN LPDJH H[WUDFWHG IURP WKH KLJK VSHHG LPDJHV ZLWK LOOXPLQDWLRQ DW DQ DQJOHRI IRUREVHUYDWLRQE\ WKH
FDPHUD IRU WKH SHULRG RI WKUHH ODVHU SXOVHV WKH ZKLWH DUHDV DUH WKH KRW IURQW GXULQJ SXOVHKLJK 7KH YHUWLFDO
FHQWUHOLQHRIWKHLPDJHVLVSORWWHGDVDIXQFWLRQRIWLPH7KHSRVLWLRQRIWKHORZHUHGJHRIWKHPHOWDVDIXQFWLRQRI
WLPH LV SORWWHG VHSDUDWHO\ EHORZ WKH VWUHDN LPDJH IRU FODULW\ $V FDQ EH VHHQ GXULQJ WKH SXOVHV WKH PHOW ILUVW
FRQWLQXRXVO\DQGLQDQRVFLOODWLQJPDQQHULVSXVKHGGRZQWRWKHSHQGLQJGURSSRVLWLRQZKHUHLWUHPDLQVXQWLO WKH
ODVHUSXOVHLVVZLWFKHGRII7KHQWKHPHOWLVSXOOHGXSZLWKLQDIHZPLOOLVHFRQGVDQGUHPDLQVLQWKHKLJKHU&DWHQRLG
SRVLWLRQVOLJKWO\RVFLOODWLQJXQWLOWKHQH[WSXOVH
 
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
)LJD7KHGHILFLHQF\RIPHOWWRHMHFWLRQIURPWKHERWWRPGXULQJVDWWKHTXDVLVWHDG\VWDWHSURFHVV7KHYLVXDOL]DWLRQFRYHUVIUDPHV
RIVWLPHVWHSZKHQUHFRUGLQJZLWKRXWLOOXPLQDWLRQDWIUHTXHQF\RIN+]EGHULYHGVWUHDNLPDJHLHWKHUHFRUGHGIURQWFHQWUHOLQHZLWK
LOOXPLQDWLRQDVDIXQFWLRQRIWLPHIRUWKUHHSXOVHVDQGH[WUDFWHGWKHORZHUHGJHSRVLWLRQRIWKHPHOW
3.3. Switching laser pulse-off - relaxation to an equilibrium melt shape 
+LJKVSHHGLPDJHVRIWKHPHOWIORZZKHQVZLWFKLQJRIIWKHODVHUSXOVHDUHVKRZQLQ)LJDZLWKLOOXPLQDWLRQ
DQGLQ)LJEZLWKRXWLOOXPLQDWLRQ6LQFHUHFRUGLQJZLWKRXWLOOXPLQDWLRQLVEDVHGRQWKHYDU\LQJWHPSHUDWXUHDQG
WKHUPDO HPLVVLRQV DFURVV WKH IURQW (ULNVVRQ HW DO0DWWL DQG .DSODQ 0DWWL DQG .DSODQ  D
FRORXUHGYLVXDOL]DWLRQLVVKRZQLQ)LJF)RUWKHG\QDPLFUDQJHLQWKHVHIUDPHVELWUHFRUGHGDELWVKLIWFDQ
EH DSSOLHG VKLIWLQJ WKH VDWXUDWLRQ OHYHO DQG YLVXDOL]DWLRQ UDQJH DORQJ WKH UHFRUGHG JUH\VFDOH OLPLWV )LJXUH E
DSSOLHVWKHELWVKLIWDGGUHVVLQJWKHKLJKHUJUH\VFDOHOHYHOVDVGRHV)LJEWRDYRLGVDWXUDWLRQ7KHILUVWIUDPHLQ
)LJFDQGLQ)LJEFOHDUO\VKRZVWKHZDYHSDWWHUQDOWKRXJK)LJFZLWKFRORXUYLVXDOL]DWLRQ7KHVHFRQG
IUDPHLQ)LJFVKRZVWKHVDPHILUVWLPDJHZLWKELWVKLIWLQVDWXUDWLRQDSSHDULQJDQGRYHUH[SRVHG7KLVELW
VKLIW EHFRPHVYDOXDEOH WREHWWHU YLVXDOL]H ORZHUJUH\VFDOH UDQJH WKHKRW DUHDVRI WKH IURQWZKHQ FRROLQJGRZQ
ZKLFKEHFRPHTXLWHGDUNLQ)LJE$GGLWLRQDOH[SODQDWLRQVIRUWKHHYHQWVWKDWWDNHSODFHDWWKHIURQWGXULQJWKLV
UHOD[DWLRQSHULRGDUHLOOXVWUDWHGLQ)LJ1RWHWKDWWKHILUVWDQGODVWLPDJHVIRUVZLWFKLQJRIIDUHOLQNHGWRWKHODVW
DQGILUVWLPDJHVIRUVZLWFKLQJRQWKURXJKWKHTXDVLVWHDG\VWDWHSHULRGV
 
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

)LJ+LJKVSHHGLPDJHVWLPHVWHSVJLYHQLQEODFNFRORUDFFXPXODWHGWLPHVWHSVLQUHGFRORURIWKHPHOWIURQWZKHQVZLWFKLQJRIIWKHODVHU
EHDPDZLWKLOOXPLQDWLRQEZLWKRXWLOOXPLQDWLRQELWVKLIWKRWWHUDSSHDUDQFHVFZLWKRXWLOOXPLQDWLRQELWVKLIWFRROHUDSSHDUDQFHV
H[FHSWILUVWIUDPHUHSHDWHGDQGFRORXUYLVXDOL]DWLRQFRUUHODWHGWRWHPSHUDWXUH7KHWLPHVWHSVXQLWIRUERWKEDQGFDUHLQV
7KHILUVWIUDPHV LQ)LJEVWLOO UHSUHVHQWYDULDWLRQVRI WKHZDYHVGXULQJ WKHTXDVLVWHDG\VWDWH7KH WKLUGDQG
IRXUWKIUDPHVUHIOHFWVPRRWKLQJWKHIURQWPRUSKRORJ\ZKHQVZLWFKLQJRIIWKHODVHUGXULQJDERXWVVHHDOVR)LJ
DE
:KHQWKHODVHUSXOVHLVVZLWFKHGRIIWKHDEODWLRQSUHVVXUHIDGHVDZD\DQGWKHVXUIDFHWHQVLRQIRUFHVYLDWKHORFDO
PHOWVXUIDFHFXUYDWXUHSXOOWKHDFFXPXODWHGPHOWDWWKHERWWRPHGJHXSZDUGVVHH)LJEF
(YHQWXDOO\DIWHUDERXWDPLOOLVHFRQGWKHPHOWLVSXOOHGXSZDUGVWRDVXVSHQGHGPHOWSRRO)LJGLQTXDVL
HTXLOLEULXP7KH UHVXOWDQW VKDSH UHVHPEOHVD&DWHQRLG D WRUXVOLNH VKDSH DVREVHUYHG LQDZHOGLQJVWXG\HDUOLHU
+DJOXQGHWDOEXWFXWLQKDOIDVZLOOEHVKRZQEHORZ7KHUHIHUHQFHOLQHLQ)LJDIDFLOLWDWHVWRVHHWKH
PRYHPHQWRIWKHGURSXSZDUGVWRDILQDOWKRXJKVOLJKWO\RVFLOODWLQJTXDVLVWHDG\SXOVHORZVWDWHSDUWLFXODUO\RIWKH
PHOWERWWRPIURPFRQYH[VHHIUDPHVQRLQ)LJDWRFRQFDYHIUDPHVLQ)LJD$VFDQEHVHHQIRU
WKHODVWVHYHQIUDPHVLQ)LJDWKHFRROHUGRPDLQVRIWKHVXUIDFHDUHFRYHUHGE\DQR[LGHOD\HUZKLFKVXSSRUWHG
WUDFNLQJRIWKHPHOWIORZ)LJXUHFPDNHVFOHDUWKDWWKHPHOWIURQWFRROVIDVWHUDERXWPVLQWKHORZHUUHJLRQ
DQGWRWKHVLGHVWKDQLQWKHFHQWUDOXSSHUUHJLRQEHDULQJLQPLQGWKDWDSXOVHORZSRZHUOHYHO:RIWKHODVHU
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EHDP LUUDGLDWLRQ UHPDLQV ,W LV DOVR VKRZQ WKDW WKH PHOW DIWHU EHLQJ GUDJJHG EDFN WRZDUG WKH WRS IROORZV D
FRPSOLFDWHGPRYHPHQW GXULQJ LWV FRROLQJ VHH IUDPHV  )LJ F7KLV LV UHODWHG WR LWV RVFLOODWLRQV QRW RQO\
YHUWLFDOO\EXWDOODURXQGWUDFNIUDPHV)LJDZLWKWZRLQGLFDWLYHOLQHVEOXHDQG\HOORZ


)LJ,OOXVWUDWLRQRIWKHPHOWFRQGLWLRQVVLGHYLHZZKHQVZLWFKLQJRIIWKHODVHUSXOVHDZDY\IURQWZLWKVXVSHQGHGGURSGXULQJODVHURQE
VPRRWKHQLQJDQGVXUIDFHWHQVLRQGULYHQUHYHUVHIORZZKHQVZLWFKLQJRIIFRVFLOODWLQJDQGUHWUHDWLQJPHOWSRROGVHPLWRUXVOLNH&DWHQRLG
VKDSHIRUHTXLOLEULXPVXUIDFHWHQVLRQIRUFHVDIWHUUHWUHDWRIWKHPHOW
4XDQWLWDWLYHHYDOXDWLRQRIWKHKLJKVSHHGLPDJHVSURYLGHGDGGLWLRQDOLQIRUPDWLRQ$QDO\VLVZDVPDGHWRLQVSHFW
WKHGUDJJLQJRIWKHPHOWEDFNWRZDUGVWKHWRSDQGWKHEHKDYLRURIIURQWZKHQLWFRROVGRZQ)LJDVKRZVDVWUHDN
LPDJHH[WUDFWHGIURPWKHKLJKVSHHGLPDJHVZLWKRXWLOOXPLQDWLRQ+HUHWKHELWVKLIWLVIRUELWG\QDPLFUDQJH
)RU WKH VWUHDN LPDJH WKH YHUWLFDO FHQWUHOLQH RI WKH LPDJHV LV SORWWHG DV D IXQFWLRQ RI WLPH 6LQFH WKH JUD\VFDOH
LQWHQVLW\LVUHODWHGWRWKHUPDOHPLVVLRQVKHUHLWLVREYLRXVKRZWKHLQWHQVLW\LVUHGXFHGZKHQWKHODVHULVVZLWFKHGWR
SXOVHORZE\DWLPHGHFD\7KHORZHUUHJLRQRIWKHIURQWFRROVGRZQIDVWHUWKDQWKHWRS
7KHPD[LPXP OHYHO WKHPLQLPXP OHYHO DQG WKH VSDWLDOO\ DYHUDJHG RYHU D GHILQHG UHFWDQJXODU ]RQHZLWKRXW
LOOXPLQDWLRQJUH\VFDOHKHUHELWVKLIWIRUELWG\QDPLFUDQJHRI WKHLQWHUDFWLRQIURQWDVDIXQFWLRQRI WLPHLV
VKRZQLQ)LJEIRUVZLWFKLQJRIIWKHODVHU)URPWKHFXUYHDQGIURPWKHLPDJHVWKHLQVWDQWRIVZLWFKLQJRIILV
YHU\ FOHDU DQG WKH UDQJH RI XQFHUWDLQW\ LV QDUURZ %HIRUH VZLWFKLQJRII WKH JUH\VFDOH RVFLOODWHV DW KLJK OHYHO
DFFRUGLQJ WR WKH G\QDPLFV RI WKHZDYHV IORZLQJ GRZQ DQG WKHLU EULJKWQHVV SUREDEO\ DVVRFLDWHGZLWK WHPSRUDU\
UDWKHUWKDQSHUPDQHQWERLOLQJHYHQWVDVVKRZQHDUOLHU0DWWLDQG.DSODQ$IWHUVZLWFKLQJRIIWKHJUH\VFDOH
OLQHDUO\GHFD\VZLWKLQPVWRDORZOHYHOSUREDEO\UHSUHVHQWLQJWKHFRROLQJF\FOHVHHDOVR)LJF

 
)LJD6WUHDNLPDJHZLWKRXWLOOXPLQDWLRQWKURXJKWKHFHQWHUOLQHRIWKHIURQWVKRZLQJKRZWKHPHOWGUDJJHGEDFNUHGLUHFWHGXSZDUG
EPD[LPXPPLQLPXPDQGVSDWLDOO\DYHUDJHGJUH\VFDOHYDOXHVRIWKHKLJKVSHHGLPDJHVRIWKHIURQWDVDIXQFWLRQRIWLPHDOOGXULQJVZLWFKLQJ
RII
3.4. Laser pulse-low - melt shape in surface tension equilibrium 
7RUHFRQVWUXFWDQGYLVXDOL]HWKHWKUHHGLPHQVLRQDOVXUIDFHDQGVROLGOLTXLGLQWHUIDFHVKDSHVRIWKHVROLGLILHGPHOW
RI WKH WHUPLQDWHG FXW FURVV VHFWLRQ PDFURJUDSKV LQ WKH GLUHFWLRQ RI WKH WUDQVODWLRQ VSHHG ZHUH PDGH FXWWLQJ
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SROLVKLQJHWFKLQJ2QHH[DPSOHLVVKRZQLQ)LJD7KHUHFRQVWUXFWHGIURPWHQFURVVVHFWLRQVVXUIDFHWRZDUGV
WKHHQGRIWKHFXWLQWKHPLGGOHRIWKHVKHHWLVLOOXVWUDWHGLQ)LJEUHVHPEOLQJKDOIRID&DWHQRLGVKRZQLQ)LJ
G)LJXUHFLOOXVWUDWHVWKHWKUHHGLPHQVLRQDOUHFRQVWUXFWLRQRIWKHVROLGOLTXLGLQWHUIDFHWRZDUGVWKHHQGRIWKH
FXW$JDLQWKHZLGHUH[WHQVLRQRIWKHORZHUSDUWRIWKHPHOWFDQEHVHHQ

 
)LJD&URVVVHFWLRQPDFURJUDSKDORQJWKHFXWELOOXVWUDWLRQRIWKHWKUHHGLPHQVLRQDOVKDSHRIWKHVROLGLILHGPHOWWRZDUGVWKHHQGRIWKHFXW
LWLVERXQGHGE\WKHVXUIDFHWKDWUHVHPEOHVKDOIDG&DWHQRLGFUHFRQVWUXFWHGVROLGOLTXLGLQWHUIDFHWRZDUGVWKHHQGRIWKHFXW
3.5. Discussion 
$VSHFLDOVLWXDWLRQZDVFUHDWHGIRUEHWWHUVWXG\EXWQRWUHSUHVHQWDWLYH6RWKHILQGLQJVQHHGVWREHWUDQVODWHGWR
XVXDOSURFHVVHVDQGWKHLUSDUDPHWHUFRQGLWLRQV0RUHRYHUQHZNLQGVRISURFHVVHVPLJKWEHGHULYHG2QHH[DPSOH
ZKLFKWKHKHUHVWXGLHGSURFHVVUHVHPEOHVLVWKHDERYHPHQWLRQHGGRQXWODVHUZHOGLQJSURFHVV+DJOXQGHWDO
ZKLFK LV FDUULHGRXWSXOVHG DW ORZZHOGLQJ VSHHG IRU WKLQ VKHHWV DQG VKRZVD VLPLODU WRUXVOLNH IURQWJHRPHWU\
6SDWWHUFDQEHDYRLGHGLQ ODVHUNH\KROHZHOGLQJLI WKHSRZHUGHQVLW\ LVFKRVHQORZHQRXJK LHERLOLQJNHHSVWKH
NH\KROH RSHQ EXW WKHPRPHQWXP GRZQZDUGV LV ORZ HQRXJK WR EH UHVLVWHG E\ WKH VXUIDFH WHQVLRQ9LFH YHUVD LQ
UHPRWH IXVLRQ FXWWLQJ DQG LQ GULOOLQJ VXIILFLHQWO\ KLJK SXOVH SRZHU LV QHHGHG IRU GURS HMHFWLRQ RWKHUZLVH GURVV
ZRXOGIRUPFRUUHVSRQGLQJWRWKHQRQHMHFWHGGURSDFFXPXODWHGDWWKHERWWRP
7KH KHUH REVHUYHG W\SLFDO WLPH FRQVWDQWV IRU SXOVH LQLWLDWLRQ DQG WHUPLQDWLRQ VXSSRUW WKH FKRLFH RI SXOVH
SDUDPHWHUVHJLIVROLGLILFDWLRQDIWHUWKHSXOVHLVGHVLUHGRUWREHDYRLGHG7KHIOXLGIORZG\QDPLFVREVHUYHGZLOO
DOVR VXSSRUW PDWKHPDWLFDO PRGHOOLQJ RI WKH SURFHVVHV DJDLQ SDUWLFXODUO\ ZLWK UHVSHFW WR W\SLFDO WLPH FRQVWDQWV
JRYHUQLQJ WKHG\QDPLFSURFHVV HJGXULQJ WKH OLTXLGZDOO EUHDNLQJ ,W FDQEH VXPPDUL]HG WKDW IRUSXOVHG ODVHU
SURFHVVHVZLWKDERLOLQJIURQWSXOVHVRIVHYHUDOPLOOLVHFRQGVGXUDWLRQZLOONHHSTXDVLVWHDG\VWDWHFRQGLWLRQV+LJK
SRZHU GHQVLW\ LV QHHGHG LI GURS VHSDUDWLRQ LV GHVLUHG'\QDPLF SKHQRPHQD WDNH SODFH GXULQJ DERXW PVZKHQ
VZLWFKLQJDSXOVHRQRURII
&RQFOXVLRQV
,QWKHSDVWFRQWLQXRXVIORZRIPHOWZDYHVGRZQDERLOLQJIURQWZDVSUHVHQWHGIRUFRQWLQXRXVZDYHODVHUV+HUH
QHZUHVXOWV IRU WKHG\QDPLF IORZSKHQRPHQDUHVXOWLQJIURPDSXOVHG ODVHUDUHVKRZQ)RU WKLVSXUSRVHDVSHFLDO
LQWHUDFWLRQVLWXDWLRQEHWZHHQDSXOVHG1G<$*ODVHUDQGDERLOLQJPHOWZDVVWXGLHGEDVHGRQKLJKVSHHGLPDJLQJ
REVHUYDWLRQ
L6XFKVSHFLILFVLWXDWLRQRIVORZVSHHGFXWWLQJIDFLOLWDWHGWRREVHUYHIRUWKHILUVWWLPHWKHG\QDPLFPHOWIORZRID
ODVHULQGXFHGERLOLQJIURQWZKHQVZLWFKLQJWKHODVHURQRURII
LL'XULQJVZLWFKLQJRQGULOOLQJRIDKROHLQWRDODUJHEXONRIPHOWKDVH[SDQGHGVXFKWKDWHYHQWXDOO\WKHRXWHU
PHOWEULGJHEURNHXSZLWKLQWHQVRIVLQVWHDGGHYHORSLQJDFXWWLQJIURQW
D
E
F G
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LLL7KHSXOVHGXUDWLRQRIPVZDVORQJHQRXJKWRHVWDEOLVKVWHDG\VWDWHFRQGLWLRQVGXULQJZKLFKWKHERLOLQJ
SUHVVXUHNHSWDODUJHSHQGLQJGURSLQLWVSRVLWLRQGHPRQVWUDWLQJWKDWDODVHUEHDPFDQSRVLWLRQDQGKDUQHVVDYROXPH
RIPHOWLQDFRQWUROOHGPDQQHUZKHUHWKHDEODWLRQSUHVVXUHEDODQFHVWKHVXUIDFHWHQVLRQUHWUDFWLRQDWWHPSWV
LY 'XULQJ VZLWFKLQJRII WKH ZDY\ IURQW VPRRWKHQHG DQG WKH SHQGLQJ GURS ZDV SXOOHG XSZDUGV E\ VXUIDFH
WHQVLRQIRUFHVWRDQHTXLOLEULXPVKDSHRIDVHPLWRUXVOLNH&DWHQRLG
Y)RUODVHUNH\KROHZHOGLQJODVHUUHPRWHIXVLRQFXWWLQJRUODVHUGULOOLQJW\SLFDOWLPHFRQVWDQWVDQGPHFKDQLVPV
IRU WKHG\QDPLFPHOW IORZSKHQRPHQDZHUH LGHQWLILHG DV DJXLGHOLQH IRUSXOVHGXUDWLRQV DQG WKHLU FRQVHTXHQFHV
+DUQHVVLQJRIPHOWIORZDWWKHERWWRPUHVXOWVHLWKHUIRUVHSDUDWLQJRUDWWDFKLQJWKHPHOW
$FNQRZOHGJHPHQWV 
7KHDXWKRUVDFNQRZOHGJHIXQGLQJE\WKH(&)3SURMHFWV+$/2QRDQG7DLORU:HOGQR7KH
DXWKRUVDUHJUDWHIXOWR'U3HU*UHQIURPWKH&KDLURI([SHULPHQWDO0HFKDQLFVDW/XOHn8QLYHUVLW\RI7HFKQRORJ\
IRUYHU\YDOXDEOHDGYLFHLQRSWLPL]LQJWKHFDPHUDVHWXS
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